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Diffraction imaging using x-ray topography XRT and x-ray multiple diffraction XRMD provide
valuable tools for examining the growth defects in crystals and the distributions from ideal lattice
symmetry microcrystallography. The topographic x-ray multiple diffraction microprobe TMDM
combines the complementary aspects of both techniques enabling XRT and XRMD studies within
the same instrument providing a useful resource for the structural characterization of materials that
are not very stable in vacuum and electron beam environments. The design of the TMDM
instrument is described together with data taken on GaAs 001 and potassium dihydrogen
phosphate 001. © 2009 American Institute of Physics. DOI: 10.1063/1.3103571
I. INTRODUCTION
Diffraction imaging using x-ray topography XRT has
provided a valuable tool for examining the growth defect
structure of large cm2 nearly perfect crystals. By examining
a series of sections cut from “as-grown” crystals, XRT has
proved capable of building up a picture of how the individual
crystal surfaces have developed with respect to each other
and how their growth has been mediated by lattice defects
such as growth striations, dislocations, inclusions, etc.1–6
However, the microcrystallographic data obtained using dif-
fraction imaging techniques do not, without the use of dy-
namical scattering theory,3,4 easily lead themselves to the
refinement of the exact structural details associated with the
microcrystallographic structural perturbations associated
with growth defect formation.
X-ray multiple diffraction XRMD, i.e., where diffrac-
tion conditions allow more than one diffracted beam to be
simultaneously excited, provides high sensitivity to microc-
rystallographic changes since a typical single XRMD pattern
shows numerous multiple diffraction peaks, each one result-
ing from scattering from different lattice directions within
the crystal. Hence, XRMD has proved a very useful tech-
nique for characterizing as-grown crystals via examining the
subtle changes in the lattice geometry of materials, e.g., stud-
ies of phase transformations,7 heteroepitaxial lattice
coherence,8,9 and plasma diagnosis.10,11 XRMD through its
ability to probe correlated scattering from a series of crystal
planes also has provided useful information with regard to
solving the phase problem,12–16 a long-standing topic in dif-
fraction physics and crystallography.17
The complementary nature of the XRT and XRMD pro-
vided the rationale to develop a new instrument, topographic
x-ray multiple diffraction microprobe TMDM, capable of
providing both XRT and XRMD data from the same sample
and within the same series of measurements. Using this,
XRT can be used to produce a map of the defect microstruc-
ture of a crystal providing the reference frame by which
XRMD can be used to characterize the microcrystallographic
nature symmetry reduction, lattice strain/dilation, etc. asso-
ciated with different spatial regions of the crystal as well as
the density and type of lattice defect. The instrument is, to
some degree, analogous to the capabilities of transmission
electron microscopy TEM in that it has the capability to
“switch” between diffraction and imaging modes using the
same instrument and while examining the same sample.
While, clearly TMDM lacks the capability of TEM in terms
of spatial resolution 1–10 m, it nonetheless offers the
capability to examine the kind of molecular crystals that are
important in specialty industries such as pharmaceuticals and
fine chemicals, i.e., materials that may not be so stable
within a vacuum and/or electron beam environment. The
TMDM instrument also has the potential to be able to pro-
vide a more complete overview of the nature, distribution,
and crystallographic nature of all the defects within a single
as-grown crystal probing, in the case presented here, the
structural chemistry associated with crystal habit modifica-
tion processes. This work reflects part of this research
group’s portfolio aiming to improve understanding of the
structural science underpinning crystallization processes.
In this paper, the design of a TMDM system is presented
together with its commissioning using GaAs 001 and the
examination of pure and Cr3+ doped nearly perfect single
crystals of potassium dihydrogen phosphate KDP 001.
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II. BACKGROUND THEORY
A. X-ray topography
X-ray topographic technique, in particular the Lang
technique,1,2 in which the variation in the diffracted x-ray
beam intensity around lattice defect regions, has been widely
used to study the lattice plane perfection in large as-grown
single crystals. In this, x-rays from a point x-ray source are
horizontally collimated to provide divergence less than the
K1 and K2 spectral separation and are incident upon a
single crystal. The beam is also roughly vertically collimated
to ensure that the vertical beam size matches the maximum
crystal dimension. The crystal is aligned to diffract the x-rays
within the horizontal plane in transmission with a second slit
being positioned to allow only the diffracted beam to pass.
Translation of the crystal in synchronization with a high-
resolution photographic film produces an image projection of
the defects within the crystal.
X-ray topographs reveal spatially resolved intensity
changes from the diffracting planes, e.g., when the lattice
spacing or lattice plane orientation varies, such as in the case
of a dislocation, the Bragg relation will not always apply
simultaneously to both the perfect and distorted region. Dy-
namical x-ray diffraction theory3,4 can be applied to analyze
the detailed lattice structure for nearly perfect crystals and
being capable of predicting the observed diffraction
contrast.5,6 The Lang topographic method can also be used in
the reflection mode which, despite the low penetration of
x-rays typically a few micrometers, is useful in studying
surface stress and defects close to the sample surface.
B. X-ray multiple diffraction
XRMD arises when an incident beam simultaneously
satisfies Bragg law for more than one set of lattice planes
within a crystal. Experimentally this can be realized in two
basic techniques:
• The Renninger scanning RS mode,18 where the crystal is
aligned for Bragg two beam diffraction and the sample
rotated around the Bragg plane normal -axis, see Fig.
1a to produce a diffraction pattern characterized by a
series of multiply diffracted n-beam where n2 beams
superimposed on a Bragg diffracted “background.”19
• The pseudo-Kossel mode,20 where an x-ray beam with
some divergence is employed and the multiple diffraction
pattern can be produced without the need to rotate the
sample in an angularly dispersive mode and in which the
diffracted beams are spatially dispersed.
For perfect crystals, the interaction between the various
excited beams is coherent and can be analyzed using dy-
namical x-ray diffraction theory.21,22 When an imperfect
crystal is examined coherence phase failure of the interacting
waves occurs and the resulting data can then be analyzed
using kinematical theory.23–25 The geometry of the scattering
is obtained from the Ewald sphere 1 / construction in re-
ciprocal space with calculation of the peak positions permit-
ting the indexation of the XRMD lines.26,27
Multiple diffraction interactions can be geometrically di-
vided into two types:
• The systematic case, where a set of coplanar reciprocal
lattice points determine a circumscriptive polygon in recip-
rocal space. This case is important in that, providing
Bragg’s law is satisfied, the XRMD condition will be ob-
served for all wavelengths. This mode has been applied to
studies of growth-induced lattice strains in single
crystals,28,29 epitaxial substrate/film misfit in semiconduc-
tor multilayers,30–33 electric field dependent structural
changes in nonlinear optic materials,34,35 and studies of
phase transitions in single crystals.36
• The nonsystematic case, particularly for the case where for
a set of two equivalent reflections the entrance point of the
Ewald sphere, is nearly coincident with the exit position.
This mode has been applied to the accurate measurement
of lattice parameters37,38 by measuring the angular separa-
tion of the two reflections.
In both cases, quantitative information about the lattice
geometry can be obtained from peak positions and peak
splitting, while a fully quantitative analysis of XRMD inten-
sities can require some complex calculations as well as dif-
ferent approaches for crystals with different crystallographic
perfections. Despite this, it is possible to get information on
the chemical composition from the qualitative analysis of the
intensities: for example, different XRMD diffraction profiles
being observed when comparing substrate material and its
epitaxial overlayer for a heteroepitaxial system.34,35
FIG. 1. Color online Details of the TMDM instrumental setup: a sche-
matic representation; b close-up photograph of the completed instrument
showing coordination table, x-ray tube head and slit collimation system,
multicircle APEX diffractometer, sample stage, and the two concentric de-
tector circles: 1 X-ray tube, 2 collimator with mounted slits to control
beam size and divergence, 3 Eulerian cradle with x-y translation, 4 pro-
portional counter and PSD detector; c data acquisition system including
PC system, CAMAC/NIM electronics, and McLennan stepper motor con-
trollers.
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III. TOPOGRAPHIC MULTIPLE DIFFRACTION
MICROPROBE
A. X-ray source
A HiltonBrooks R4000 stabilized x-ray generator was
used to provide power of up to 2 kW to a horizontally dis-
persing Cu or Mo K fine focus tube Fig. 1b coupled to
an incident beam collimator suitable for both topographic
ribbon beam-vertically diverging and multiple diffraction
pinhole collimation for RS scanning geometries.
B. Instrument
The combined TMDM instrument Fig. 1 comprises
three parts:
a Collimation system: A collimation unit consists of two
successive sets of four jaw slits S1 and S2. S1 per-
forms the role of source scatter slit and can be adjusted
to reduce the effective source size when the instrument
is operated from a conventional fine focus tube source
size 400 m2. S2 allows the instrument to switch
from the diffraction mode 100100 m2 for angle
scanning XRMD to the imaging mode 5 cm
100 m for topography.
b Diffractometer: A precise two-circle  and 2	 APEX
III diffractometer provided accurate control over a full
360° rotation and can thus be easily switched from
strong reflections for XRT to weak reflections usually
harmonics for XRMD. The diffractometer also offers
the angular precision 1 mdeg needed to be able to
calculate accurate lattice parameters.
c Sample stage: A main sample stage that fits onto a con-
ventional 10 cm traverse length Lang camera transla-
tion stage mounted on the goniometer’s -axis. This is
essentially a modified Eulerian cradle  and 
 rota-
tions providing the capability of sample alignment and
scanning in different modes. The stage also has a ver-
tical scanning mechanism used in combination with the
Lang translation stage for two-dimensional scanning
XRMD. Two additional tilt motions, one positioned in-
side the  circle  and one outside . For Bragg
mode the tilt  is not needed as the alignment of the
Bragg planes can be made using the tilt  and the 

rotation with XRMD data collected by scanning the 
rotation. For Laue mode39 the tilt motion  is not
needed as the Bragg plane can be aligned using the 

and  circles with the XRMD data collected scanning
the tilt motion  limited to 30°.
d Detectors: Two detector systems are used in the
TMDM instrument. An inner detector circle contains a
proportional counter and a photographic cassette. A
second larger detector circle supports the diffracted
beam collimation system a translatable II-jaw slit S3,
which is used for eliminating the direct beam in XRT
and a linear position sensitive detector PSD, which is
used to measure the intersection of multiply diffracted
beams using the pseudo-Kossel technique. For the lat-
ter a fixed two-jaw slit S4 is provided to remove the
K2 component from the divergent beam XRMD data.
A photographic film cassette records the image projec-
tion of defects within a crystal on an x-ray film.
e Instrumental control and data acquisition: A 24-axis
McLennan PM381 stepper motor system together with
a CAMAC/NIM data acquisition system Fig. 1c
links through RS232 protocol to a PC-implemented
PINCER
40,41 macrobased instrument control software
system. A NIM crate42 provides standard power sup-
plies and logic signals for detector counting being
linked to a CAMAC43 crate houses the computer inter-
faced electronics for countertiming and PSD multi-
channel analyzer functions Fig. 1c. The resulting
facility44 is summarized in Fig. 1.
The PINCER software enables control of the TMDM in-
strument goniometry to drive precisely various motions to
their positions for adjusting incident beam size and shape,
sample alignment, rocking curve scanning, Renninger, and
other diffraction scannings, etc., with typical linear reso-
lution of ca. 0.0003 mm/step and typical angular resolution
of ca. 310−5 deg /step together with data recording from
the associated proportional counter and PSD detectors.
IV. RESULTS AND DISCUSSION
A. Analysis of a GaAs „001… crystal surface
The TMDM system performance was validated via
Bragg rocking curve, RS, and XRT measurements using a
reference pure ca. 100 m thick GaAs 001 single crystal
wafer. The GaAs 004 rocking curve was obtained with full
width of half maximum of the peak being less than
62 arc sec consistent with the divergence of the incident
beam size Fig. 2. Figure 3 shows a 220 x-ray topograph,
taken in transmission mode, together with the corresponding
intensity map obtained by XY scanning. It can be seen that
the S-like defect line was recorded by both topograph and
intensity map at a similar location and with similar shape.
The perfect region of the pure GaAs single crystal see the
red spot in Fig. 3 for the beam location was used to carry
out a 002 primary reflection RS Fig. 4, upper. Pattern in-
dexing, via calculation with the UMWEG XRMD program45
Fig. 4, lower reveals a good match between the peak posi-
tions and intensities between experimental and calculated RS
FIG. 2. 004 rocking curve of GaAs single crystal.
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thus demonstrating the basic capabilities of the TMDM sys-
tem.
B. Analysis of pure and Cr3+ doped KDP crystals
Pure KDP crystals were prepared via slow cooling of a
seeded saturated solution from 45 to 25 °C at a rate of ca
0.5 °C per day typical growth time ca. 40 days with doped
crystals being obtained by addition of 1000 ppm of Cr3+ in
the form of CrCl3 to the crystallizing solutions. Slices from
the as-grown crystals were cut using a conventional solvent
saw and polished/etched lightly to remove any surface cut-
ting damage.
Detailed examination of suitable sample planes and dif-
fraction wavelengths Cu K and Mo K for the KDP sys-
tem revealed the 001 lattice plane, 004 Bragg reflection,
and Cu K radiation to yield the most useful range of
XRMD peaks. In this work, all XRMD studies were carried
out using Bragg reflection angle scanning Renninger mode.
Similarly for this same sample arrangement Laue transmis-
sion x-ray topographs using the 200 reflection were taken.
Typical sample thickness was ca. 1 mm and both pure and
doped crystals were examined. In the latter case, the micro-
probe was used to examine, via RS, the crystallographic en-
vironment at different points within a doped sector-zoned
sample.
Figure 5 shows a 200 transmission x-ray topograph
scanning time ca. 44 h recorded on an Agfa Structurix D4
film. The x-ray topograph of 200 diffraction shows the his-
tory of the crystal growth. This includes growth sector
boundaries, growth bands appeared in the 100, 010, and
01̄0 sectors, and line dislocations mainly concentrated
within the 100 sector. The growth sector boundaries indi-
cated two distinctive types of growth sector, i.e., 101 sector
and 100 sector. The curved growth boundaries between the
100 sector and the 010 sector indicated a relatively in-
creased growth rate in 100 direction associated with a
larger 100 growth sector. This increased growth rate is due
to the existence of the line dislocations in the 100 sector
providing a fast dislocation growth mechanism on the 100
face under the growth condition of low solution supersatura-
tion. The topograph did not show clearly resolved individual
dislocation lines. The reason could be that these dislocation
lines penetrate through the crystal slice at an angle with re-
spect to the direction of 100, i.e., the dislocation images in
the topograph consist of a lot of short dislocation lines in
h 0 l direction. The directions of the dislocation lines are
subject to the detailed analysis of Burgers vectors associated
with the dislocations of lowest energy for the KDP crystal.
The 100 growth sector indicated in the topograph corre-
sponds to the dark green region of impurity incorporation in
the crystal slice. This clearly implies that only the prismatic
growth faces, e.g., 100 faces, involve the impurity incorpo-
ration during the crystal growth.
In the x-ray topographs, the doped regions associated
with sector zoning were found to exhibit increased diffrac-
tion contrast. Despite this, the overall crystal perfection was
found to be high. The numbered markers on Fig. 5 indicate
the locations within the crystal where eight RSs were per-
formed with the aim to investigate the effect of Cr3+ doping
on the microcrystallography of the KDP crystal lattice.
In order to carry out RS, the KDP crystal had to be
FIG. 3. Color online XRT and intensity map of GaAs crystal the red spot
in the left figure represents the location of incident X-ray beam for 002 RS.
FIG. 4. Renninger XRMD scan of GaAs crystal using a 002 primary reflec-
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FIG. 5. Color online 200 transmission x-ray topograph of KDP crystal
with Cr3+ doping Numbers ¬–³ corresponding to eight locations of 004
RS.
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carefully aligned using two of the three circles within the
Eulerian cradle to ensure that the incident beam angle 	
and the diffraction angle 2	 always satisfies Bragg’s law
for the whole angle range of , i.e., 0°–360°. Eight separate
RSs for a 004 primary reflection were carried out for each
one of the locations identified in Fig. 5 with each run lasting
44 h with scanning step of 0.01° and counting time of 40 s
for each step. Although there are some variations in peak
intensity, which could be caused by the different quality of
the degree of alignment, there was, generally speaking, no
notable change in peak position and shape between the re-
gions in the crystal, which were doped and those which were
not. Further detailed analysis of the results Fig. 6 from runs
7 and 8, which represent scans in the clear and doped regions
of the crystal, shows that the average mosaic spreads 
=FWHM / 22 ln 2 of these scans are 65 and 68 arc sec,
respectively, i.e., the peak shapes were found to be very simi-
lar. A close examination was made of all the peaks within the
RS for the eight probe beam locations, i.e., either in clear
region or doped region. In this, the dynamic x-ray diffraction
nature, as reflected by pronounced peak asymmetry, for each
peak was not found to be significantly affected by the Cr3+
doping with the Aufhellung negative going peaks having
very similar multiple diffraction intensities. Furthermore, the
average differences of peak positions from these scans were
found to be smaller than the scanning step used with the
variation in peak intensity changes also being very small.
However, the average mosaic spread was found to be around
66 arc sec. The data are consistent with Cr3+ incorporating
within the lattice in a substitutional site,46 hence causing
minimal disruption to the crystal lattice beyond coloration,
the latter being due to the Cr3+ incorporating in an octahedral
environment46 rather than an interstitional environment.47,48
V. CONCLUSIONS
A new instrument TMDM for examining spatially re-
solved microcrystallographic variation has been set up and
commissioned using GaAs 100 as a reference material.
TMDM examination of solution-grown pure and Cr3+ doped
samples revealed for the first time that, on a single piece of
instrument, high quality XRMD RS patterns can be obtained
for nearly perfect single crystals with XRT to determine the
accurate locations of impurity induced growth defects. XRT
clearly showed defect distributions in different growth sec-
tors, which are associated with the pure and impurity doped
regions. However, XRMD analysis revealed little difference
between the two regions, which is consistent with impurity
incorporation within a substitutional lattice environment.
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